Among numerous trichlorides, the melt of BiCl 3 is a distinctly molecular liquid with a relatively low melting point, yet, with a high surface tension. Therefore, the attractiveness of a simple capillary filling technique for fabrication of nanosized BiCl 3 by dispersion within a nanocapillary needs a special investigation. Here, we report the successful synthesis and the transmission electron microscopy characterization of the hybrids consisting of multi-walled carbon nanotubes and endohedral BiCl 3 crystallites. The main peculiarities of imbibition into carbon nanotubes and an intricate internal organization of molten BiCl 3 are established using the developed 4-site force-field model of BiCl 3 and consequent molecular dynamics simulations at nanosecond time scale.
Introduction
The main attribute of Carbon nanotubes -the cavity -suggests their capillary activity, assigning their role as proper templates for the growth of other one-dimensional nanostructures in its interior or serve as containers for nanocargos. Open-ended carbon nanotubes, soon after their discovery, were theoretically characterized as "molecular straws" capable of capturing molecules from a vapor or a fluid due to the interactions akin to those in wetting and capillary action [1] . This prediction was successfully proved by the first experiment on filling of multi-walled carbon nanotubes with molten lead in air [2] .
Nowadays, the capillary filling technique is routinely employed for encapsulation of fusible metals and compounds into carbon nanotubes, forming endohedral hybrids subsequent to annealing at temperatures above the melting points and followed by cooling. Considerable progress has been attained in both the production and the TEM characterization of ultra-thin halide, oxide and sulfide nanowires encapsulated in single-and multi-walled nanotubes [3] [4] [5] [6] .
The wetting of the nanotubular interior by the melt of a quasi-two-dimensional inorganic compound can yield the single-walled inorganic nanotubes, too. Hence, the properties of conventional inorganic compounds confined within carbon nanotubes can be modified not only at the level of simple size scaling, but as well at the level of structural organization. Currently, it is the only way to obtain the nanotubes of halides (PbI 2 [7] , ZnI 2 , CeI 3 , CeCl 3 , TbCl 3 [8] , GdI 3 [9] , BiI 3 [10] ) in large and stable amounts, since the walls of carbon hosts are excellent protectors from environmental moisture.
Being active intermediators or accumulators of charge carriers, the walls of metallic carbon nanotubes can act as nanoreactors, forcing the encapsulated compounds to undergo a further polymorphic or chemical transformation. Particularly, the crystal lattices of many halides, when confined in the one-dimensional space, tend to adopt an unusual ionic coordination [11] , whereas LaI 3 transforms formally into a different stoichiometric composition LaI 2 [12] , which may lead to the rise of materials with new electronic, luminescent and magnetic properties. The capillary filling of carbon nanotubes by HgCl 2 [13] , NiI 2 [14] and GdI 3 [15] is accompanied by the metal reduction, which, in the case of iodides, manifests itself as the final product containing also the carbon nanotubes filled either by iodine or by metal nanowires.
Endohedral hybrids of inorganic compounds and carbon nanotubes fabricated using capillary filling technique are promising advanced materials for biomedical applications. As the locked vehicles the carbon nanotubes are capable of improving the long-term stability of encapsulated materials in vivo. They can convey within organisms such nanocargos like radionuclides serving as radiolabels [16] or anticancer agents [17] . Potentially, carbon nanotubes dispersing at their interior a heavy metal compound could become the components of radioprotective composites.
Bismuth trichloride BiCl 3 is a compound with a relatively low melting point (T m = 507 K) among other metal trichlorides [18] . Presumably, the application of this compound as an eco-friendly catalyst in organic synthesis [19, 20] and as a core-building component in antimicrobial complex agents [21] could be expanded at the nanoscale level, e.g. by nanodispersion using encapsulation into carbon nanotubes.
Here, we explore the abilities of capillary filling technique for fabrication of endohedral hybrids BiCl 3 @MWCNT -encapsulates of crystalline BiCl 3 in multi-walled carbon nanotubes (MWCNTs). Notwithstanding the low T m , molten BiCl 3 has the challengingly high values of surface tension (σ = 65 mJ/m 2 at T = 1.1T m ) and viscosity (η = 26 mPa·s at T = 1.1T m ) [22] , which could suppress the capillary activity of carbon nanotubes. Compared to the other molten trichlorides, the compound also demonstrates anomalously high values of electrical conductivity [18] and has a tendency for disproportionation at elevated temperatures [23] , not yet clarified in the presence of an extended carbon surface. However, despite all these challenges, our joint results from both the transmission electron microscopy (TEM)/scanning transmission electron microscopy (STEM) characterization and the molecular dynamics (MD) simulations confirm a successful capillary action of MWCNTs regarding the molten BiCl 3 , yielding stoichiometric rod-like or tubular-like BiCl 3 nanostructures shielded by the carbon shell.
Experimental part

Procedure of capillary filling
Bismuth(III) chloride, anhydrous, 99.999 % (metals basis) was purchased from Alfa Aesar and used without further purification. MWCNTs were purchased from Nanocyl SA, Belgium and US Research Nanomaterial, Inc, USA. The as-purchased nanotubes were open ended. The encapsulation of BiCl 3 into MWCNTs was carried out by capillary filling. Bismuth trichloride along with MWCNTs, both sealed under vacuum in a quartz ampule, were annealed in a furnace above the melting point of BiCl 3 and subsequently cooled to room temperature. The detailed conditions for the synthesis of BiCl 3 @MWCNT hybrids are given in Table 1 and Fig. 1 . The final synthetic products were not treated and were characterized as they have been obtained. 
Microscopy characterization
Samples for TEM/STEM analysis were prepared on porous carbon film 300 mesh Cu grids. An FEI Titan Themis 60 -300 kV electron microscope, operated at 80 kV, equipped with probe and image correctors and a monochromator, was used for TEM and STEM imaging. EDX spectra were obtained using a Super-X detector and acquired and analyzed using Bruker Esprit software. Crystal models were constructed using Crystal maker software and diffraction patterns were simulated using Single crystal software.
Computational details
Capillary filling of carbon nanotubes was simulated using MD and was considered as an imbibition of a finite drop-like amount of melt. The starting model for drop of molten BiCl 3 was designed as a fragment of crystalline BiCl 3 consisting of 250 or 500 stoichiometric units and annealed in series at MD temperatures T = 300 K, 533 K, 623 K as well as 693 K and 773 K. The drop (BiCl 3 ) 500 was employed for validation of the force-field as described below. The final structure of the drop (BiCl 3 ) 250 equilibrated at T = 623 K was used further as the starting model to study the imbibition at the same temperature. MWCNT model was designed as a rigid cluster of double-walled (20, 20) @ (25, 25) carbon nanotube (DWCNT) composed of 75 unit cells (internal and external radii of 13.56 and 16.95Å, 13500 atoms in total). The edge surface of the BiCl 3 drop was installed initially at 3Å from the apex of DWCNT.
MD simulations have been performed using in-house code as for canonical ensembles (NVT). In all simulations the temperature was controlled with the velocity scaling. Newton's equations of motion were integrated with the MD time step of 2.5 fs via the Verlet leapfrog algorithm during 500,000 steps for the annealing and during 1,380,000 steps for the imbibition.
FIG. 1. Diameter distributions for multi-walled carbon nanotubes (MWCNT) in the samples
employed for the synthesis of BiCl 3 @MWCNT composites (see Table 1) The force-field level of theory was applied for these nanosecond MD simulations. The model of liquid BiCl 3 was represented as an ensemble of the rigid 4-site molecules with the geometry matching that within BiCl 3 crystal (r Bi−Cl = 2.464Å, ϕ Cl−Bi−Cl = 94.46
• [24] ). Therefore, intramolecular interactions were not considered, while intermolecular BiCl 3 interactions were described using Coulomb and Lennard-Jones potentials as parametrized in framework of Universal Force Field (UFF) [25] . Atomic charges on Bi and Cl were taken to be equal +2.1 e and +0.7 e, which allow a tolerant reproduction of the sublimation enthalpy [26] and the specific electrical conductivity of molten BiCl 3 (vide infra) [ [27] . Interatomic interactions between BiCl 3 melt and DWCNT were described using Lennard-Jones potentials in UFF parametrization. The truncation at 25Å for all short-range non-bonded interactions was used, while the long-range electrostatic interactions were computed without any restriction and approximation.
Visualization of atomic structure and MD trajectories was performed using VMD software [28] .
Results and discussion
Morphology and composition of BiCl 3 @MWCNT
Since a direct visualization of the melt imbibition by the nanotubes is not possible using current TEM characterization, we have focused on characterization of the final products. Extending the study to other molten halides, BiCl 3 was encapsulated within the MWCNTs by annealing of a mixture of BiCl 3 and MWCNT at typical temperature of 350
• C in vacuum sealed quartz ampules. Encapsulation was observed in all the samples of MWCNTs used. Fig. 2 shows the low magnification image of the composite BiCl 3 @MWCNT with tube-like and rod-like BiCl 3 nanostructures encapsulated within the cavities of MWCNTs. Figure 3 shows the elemental map distribution of Bi and Cl within the cavity of an individual MWCNT along with the corresponding EDX spectrum, which on quantification gives Bi:Cl ratio consistent with that of BiCl 3 . The filling was predominantly amorphous in nature along with some crystalline BiCl 3 . The analysis of HRTEM image of the crystalline filling indicates the presence of orthorhombic BiCl 3 crystal (ICSD PDF Number: 00-024-1003) within MWCNT (Fig. 4) . Both the tube-and rod-like morphologies of BiCl 3 were observed in the case of BiCl 3 encapsulation within MWCNTs.
Hence, all experiments with the capillary filling of MWCNTs by molten BiCl 3 have been successful irrespective of the peculiarities of the synthesis, especially, related to the diameter distribution of MWCNTs. All set of characterization techniques ensured that, the stoichiometric composition of the encapsulated BiCl 3 is preserved at the experimentally employed elevated temperatures. 
Validation of force-field for liquid BiCl 3
Notwithstanding a high surface tension of molten BiCl 3 , our TEM characterization testifies clearly that, the capillary activity of MWCNTs is sufficient enough to employ the capillary filling technique for fabrication of BiCl 3 @MWCNT hybrids. Yet, the filling process by such a tensed liquid might have some peculiarities at the nanoscopic level, which cannot be established experimentally. To gain insights into the mechanism of this process at the atomistic level, the force-field model was evaluated and approved for liquid BiCl 3 .
Both X-ray and neutron diffractions on the solid crystal unveil an anisotropy in Bi-Cl bond lengths, suggesting an aggregation of molecular-like BiCl 3 units [24] , where a Bi atom is strongly bonded to three Cl atoms and less strongly to five more. Neutron diffraction on the melt of BiCl 3 [18] and electron diffraction on the vapor of BiCl 3 [29] indicate a Bi ion coordination of ∼3, confirming that the BiCl 3 molecules are the building blocks for the solid BiCl 3 . Though, as a molecular liquid among trichlorides, this compound demonstrates anomalously high values of electrical conductivity and surface tension [18] .
To strengthen the credibility of our empirical force-field and to testify the dominantly molecular organization of molten BiCl 3 (Fig. 5a,b) , such quantitative proofs as the self-diffusion coefficients D for Bi and Cl atoms and the corresponding molar conductivity Λ m have been received by analysis of obtained MD trajectories using Nernst-Einstein's equation:
where F is the Faraday constant, R G is the gas constant, v+ and v− are the number of cations and anions per formula unit of electrolyte, z+ and z− are the ion charges, t is the MD time and r is the radius vector of an ion. The data on D(Bi), D(Cl) and Λ m collected at different temperatures T are listed in Table 2 . They are found to be in fair agreement with available experimental data and, to some extent, exceeding the accuracy of another theoretical ab initio based MD study, which has considered the evolution of the Bi 16 [27] . Indeed, our approach might be more successful, since the much larger statistics can be collected for estimation of self-diffusion coefficients using the force-field based MD simulations. On the other hand, our model implies a tight relation between mobility of Bi and Cl atoms, since the rigidity of BiCl 3 unit is assumed. Hence, D(Bi) and D(Cl) observed here at the same temperature share a close value, which is in contrast to the data from ab initio MD simulations suggesting a larger mobility of Cl atoms, comparing to that of Bi atoms [27] . One should realize that, despite of all advantages, our model of the rigid BiCl 3 molecules is valuable and may be employed for MD simulations at relatively low temperatures up to ∼700 K, since at elevated temperatures above ∼733 K the thermal dissociation of BiCl 3 takes place, releasing possibly BiCl species in vapor and polynuclear complex ions in liquid state [30] . Henceforth, our discussion is limited for T = 623 K -a typical temperature used for the capillary filling of MWCNTs.
Structural organization of molten BiCl 3
Expectedly, the radial distribution functions g ij (r) plotted using MD trajectories demonstrate two artifactsthe narrow peaks at the distances r = 2.46Å and 3.62Å corresponding to the rigid intramolecular Bi-Cl and Cl-Cl distances, respectively (Fig. 5c) . Otherwise, the g ij (r) profiles are characterized by several smoothed maxima. The latter are very pronounced for Bi-Bi and Bi-Cl pairs up to the distances of ∼18Å, providing evidence for a possible ordered organization at intermediate range in the Bi part of the amorphous melt via the Bi-Cl-Bi bridging. Indeed, direct visualization of the Bi part with interatomic Bi-Bi distances up to 5.5Å (first maximum of g BiBi (r)) unveils a confused network (Fig. 5b) , consisting of dimer-, triplet-like clusters, zigzag or branched chains. The clustering degree within the melt can be viewed quantitatively, analyzing mutual orientation between all two nearest Bi-Bi neighbors -the pairs -using the map of their angle-resolved radial distribution function (Fig. 5d) . In the absence of any positional correlation between the couple of such Bi-Bi pairs at short distances or in the case of total disorder the distribution function is equal to zero. However, the map for molten BiCl 3 demonstrates the distinct preferences in orientation of the Bi-Bi pairs, extending even beyond 7Å. A wide angular distribution ∼15 -65
• in orientation of the Bi-Bi pairs agrees with the previously visualized stochastic chain-like organization of the Bi part.
Thus, our study uncovers unexpectedly a structural organization of the BiCl 3 molecules at intermediate range order. This phenomenon relates the molecular melt of BiCl 3 to the melts of clearly expressed ionic nature. Noteworthy, the map of angle-resolved radial distribution function for Bi-Bi pairs in BiCl 3 is reminiscent of the relative maps for Pb 2+ -Pb 2+ cationic pairs in molten PbI 2 , assembling the V-shaped triplets, and Gd 3+ -Gd
3+
cationic pairs in molten GdCl 3 , assembling an amorphous 3D network [31] . Therefore, the internal structure of BiCl 3 may impose a significant kinetic obstacle for capillary activity of a nanotube like it was observed during imbibition of molten PbI 2 by carbon and BN nanotubes [32] or molten GdCl 3 by WS 2 nanotubes [33] . Meanwhile, the g ij (r) profile for Cl-Cl pair demonstrates another interesting peculiarity as a shoulder from ∼2Å to 3.62Å (Fig. 5c and inset) . This means that a part of Cl atoms can be found closer to each to other than the intramolecular Cl-Cl distance in BiCl 3 molecule, and almost approaching the bond length 2.00Å in molecular chlorine. Therefore, our simple force-field model points to a structural predisposition of molten BiCl 3 for partial dissociation with gassing of Cl 2 at higher temperatures [30] .
Imbibition of molten BiCl 3 by MWCNT
MD simulations of imbibition of molten BiCl 3 by DWCNT confirm a slow dynamics of capillary filling, obstructed by two factors: poor wettability of carbon surface and internal organization of the melt (Fig. 6) . The melt penetration proceeds very slowly during the first MD period until ∼2500 ps. At the initial stage of imbibition, the convex meniscus is formed, which is preserved during all MD simulation. Molecules of BiCl 3 exclusively enter the cavity and none are adsorbed at the external surface of nanotube. During this period, only a half of the drop is imbibed (Fig. 7a) . In contrast, the second MD period is very rapid, and the other half of the drop is imbibed during ∼300 ps. It starts, when the diameter of outer segment of the drop becomes comparable to the diameter of the absorbed part, i.e. becomes slightly smaller, than the inner diameter of nanotube. At this stage the exponential acceleration of imbibition can be observed, which is not essentially constrained by the friction due to the high smoothness of the graphene-like surface. Such slippage causes a rapid cruise of the drop. Obviously, it would continue far away from the entrance point along the channel of a semi-infinite nanotube. Yet, in our model the drop slows down, reaching the opposite open end of nanotube, and then returns to the entrance point. Here, its cruise is oscillating in a dampened manner. Noteworthy, the once entered drop does not leave the cavity of nanotube anymore.
Analyzing the kinetics of imbibition, the invalidity of the Lucas and Washburn theory for a capillary flow is registered (Fig. 7a) . The classical theory establishes the dependence of penetrated atoms N on the time of capillary action t as N ∼ √ t for the case of a non-compressible Newtonian liquid, while for molten BiCl 3 the relation between N and t is nearly linear. Such dependence is observed for the liquids with a specific internal structure [31] , which coincides with our discussion on the structure of molten BiCl 3 .
The penetration kinetics can be also traced numerically using the axial (along nanotube) velocity of the drop (Fig. 7b) . The variation in axial velocity of the drop's barycenter during the MD simulation amply illustrates two basic stages distinguished above: more or less slack invasion of the melt at a near-zero in average velocity and, finally, exponential growth of velocity to ∼70 m/s. Obviously, the long time required for penetration of a BiCl 3 drop into the narrow cavity of a DWCNT can be explained by a reorganization of internal structure of the melt. The comparison of the g ij (r) profiles for the melt within a nanotube and for the melt as free drop does not establish their essential difference. The structure of molten BiCl 3 preserves an amorphous character and is not affected by the nanotube wall. However, the mapping of angle-resolved radial distribution function unveils that, a Bi network within such BiCl 3 becomes more disorganized: a correlation between the Bi pairs disappears at distances more, than 7Å, and is suppressed essentially at distance of 5Å (Fig. 8a) . Therefore, the structural reorganization of the melt is manifested through the progressive destruction of its chain-like Bi network during imbibition. Indeed, the size of a coiled or branched chain within the melt confined in a nanotube cavity is limited in one dimension by the inner diameter of the nanotube. The one-dimensional character of a nanotube imposes constraint on conformational variety for the labile chain-like structures of the melt, restricting their conformations allowed for imbibition to the mostly one-dimensional ones. Together with the destruction of chain-like Bi network in the drop outside of nanotube some time is required for the alignment of new chain-like Bi network in the drop inside the nanotube. A view on the cross-section of final structure of the fully injected BiCl 3 melt along the DWCNT axis uncovers also a shell-like statistical distribution of the Bi and Cl atoms along radial direction (Fig. 8b) . A clear alternation of the shells can be seen. At least in our model case, the core of the melt would mostly consist of Bi atoms, while the external part of the melt would consist of Cl atoms. A similar shell-like particles' distribution within a nanotube is typical also for other liquids assembled of either ions or non-polar molecules [31, 32, 34] .
Summary
In summary, a facile capillary filling technique was tested for the fabrication of hybrid nanostructures BiCl 3 @MWCNT -multi-walled carbon nanotubes filled with BiCl 3 . Notwithstanding a relatively high surface tension of molten BiCl 3 , the filling proceeds successfully at an elevated temperature of 350
• C (∼115 • C above the melting point of BiCl 3 ) and irrespective of the diameter distribution of MWCNTs. The encapsulated phase possesses a rod-or a tube-like morphology and is constituted by the pure and stoichiometric phase of orthorhombic BiCl 3 .
The mechanism of imbibition of BiCl 3 by MWCNTs is considered at atomistic level and nanosecond time scale by means of molecular dynamics simulations, employing a force-field especially evaluated and approved for molten BiCl 3 . The internal chain-like organization of molten BiCl 3 is recognized at an intermediate range order due to the correlation in dynamics of Bi-Bi pairs bridged via Cl atoms. In this sense, the BiCl 3 melt behaves very similar to an ionic melt with polyvalent cations, despite its molecular-like constitution. Such organization of molten BiCl 3 explains possibly its high surface tension as well the violation of the Lucas-Washburn rule for capillary filling into such narrow diameter capillaries like MWCNT. The imbibition of a BiCl 3 drop with the diameter larger, than the diameter of MWCNT host, requires a long induction period until diameters' equalization. Thereafter, the imbibition accelerates exponentially, finalizing in a frictionless cruise of the melt along the nanotubular channel and far away the entrance point.
The success of our study points to the opportunity of scalable production of BiCl 3 @MWCNT hybrids as functional components of some eco-friendly catalysts for organic synthesis and as materials for nanodispersed radioprotective shielding.
